Many experiments have suggested that the adrenergic system is important for arousal and the regulation of sleep/wake states. Electrophysiological studies have found strong correlations between the firing of adrenergic neurons and arousal state. Lesions of adrenergic neurons have been reported to cause changes in sleep/wake regulation, although findings have been variable and sometimes transient. To more specifically address the role of adrenergic signaling in sleep/wake regulation, we performed electroencephalographic and electromyographic recordings in mice with a targeted disruption of the gene for dopamine β-hydroxylase, the enzyme that converts dopamine to norepinephrine. These mice are unable to synthesize the endogenous adrenergic ligands norepinephrine and epinephrine. The mutant mice sleep ~2 hours more each day. The decrease in waking is due to a considerable decrease in the duration of waking bouts, in spite of an increase in the number of waking bouts and transitions from sleep to waking. In contrast, the amount of rapid-eye-movement (REM) sleep is only half that in control mice due to a decrease in the number and duration of REM sleep bouts. Delta power is selectively increased in the mutant mice and there is much less variation in non-REM sleep delta power over 24 hours.
polygraphically (Grass 12-32-35S, Neurodata Acquisition, Astro-Med) using an electrode selector board (12 PB 36 Electrode Selector, Astro-Med) to determine the optimal recording sites for best identifying waking, NREM and REM sleep. The electrode derivations were randomly distributed within and between genotypes. Signals were processed with an A/D board (Converter 4801A, ADAC) and acquired with a PC using ACQ 3.4 software (Benington et al. 1994; Veasey et al. 2000) . EEG and EMG signals were recorded simultaneously and stored on optical disks.
Before the beginning of the recordings a calibration signal (50 µV) was recorded on all of the EEG and EMG channels.
Sleep latency
The latency to quiet wakefulness and NREM sleep were measured. Five hours after lights-on, mice were subjected to 20 min of sleep deprivation by gentle handling. After this initial deprivation, mice were left undisturbed for 10 min. The times for a mouse to enter a 10 s bout of inactivity and a 10 s bout of NREM sleep were determined. Mice that did not enter quiet waking or fall asleep during this period were assigned quiet waking or sleep latencies of 10 min, respectively. The mice were then subjected to 10 min of additional sleep deprivation and latencies were again determined. This was repeated for a total of 5 measurements from each mouse. The mean of these measurements was used as the latency for that individual when determining group statistics.
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Sleep deprivation
Three consecutive 24-hr recordings of EEG and EMG signals were obtained. The first 2 days of recordings served as baseline, and on day 3 mice were subjected to 6 hr total sleep deprivation beginning at lights-on, when they normally initiate their most intensive sleep period (Franken et al. 1999) . EEG and EMG signals were recorded for the remaining 18 hr.
Deprivation was attained by making noise, introducing objects into the cage, and gently blowing air whenever the animals looked drowsy, attempted to engage in a sleeping posture, or when the EEG showed signs of low frequency signals. Sleep/wake states were scored for the next 12 hours after deprivation, and these data were compared to the baseline recordings from the same mice.
Data analysis
Behavioral states were classified off-line as waking, NREM or REM sleep on the basis of the EEG and EMG signals. Twenty-three mice from each genotype had recordings deemed sufficiently good to permit characterization. States were determined for consecutive 10-s epochs by the visual inspection of the EEG and EMG signals, which were displayed on a PC screen.
Scoring was aided by the display of the fast-Fourier transform of the EEG and the components of the EEG above and below 4 Hz for each epoch. Wake was characterized by low amplitude, high frequency EEG with a high EMG signal. NREM sleep was characterized by high amplitude, low frequency EEG with a low EMG signal. REM sleep was characterized by low amplitude, high frequency EEG with a minimal EMG signal. Arousal states were expressed as a percentage of total recording time. Baseline values are the average of the first 2 days of recording.
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The distribution of bout duration in the arousal state was analyzed according to published criteria (Franken et al. 1999) . Bouts were allotted to one of ten bins of exponentially increasing size according to their length as counted by the number of consecutive 10-s epochs (1, 2-3, 4-7, 8-15, 16-31, 32-63, 64-127, 128-255, 256-511, and ≥512 10-second epochs presented. Mice with EEG signal artifacts were excluded (13 out of 23 mice for controls and mutants each). EEG power density was taken from a 24-hr baseline recording period (Franken et al. 1998) . Variation in NREM sleep delta power was determined by normalizing absolute NREM delta power to that present during the first 3 hours of the light for each mouse. Delta power rebound in NREM sleep was analyzed by comparing absolute delta power from the 3-hr interval following sleep deprivation with that for the corresponding 3-hr baseline interval for each mouse (Franken et al. 1999) .
Statistical analysis
A mixed model analysis of variance (ANOVA) was used to simultaneously model the between-subjects factor of genotype and the within-subjects factors, including time period, type 1983) . For all graphs and tables, * is P < 0.05; ** is P < 0.01; *** is P < 0.001 for between genotype comparisons within the same condition or between sleep deprivation and baseline. All values are mean ± SEM.
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RESULTS
Spontaneous locomotor activity
Because adrenergic signaling has been implicated in regulating arousal, we first examined spontaneous activity in unoperated mutant and control mice. To assess total activity levels and the diurnal variation of activity, spontaneous locomotor activity was recorded over a 2-day period following introduction into the recording apparatus. There were no differences between the genotypes in either overall activity or circadian regulation of activity (Fig. 1) . Similar results were obtained when voluntary wheel-running was monitored in activity cages (not shown).
Sleep/wake states
Representative recordings for each state are shown for the two genotypes in Fig. 2 .
During 24 hours, Dbh +/-mice were awake for ~2 hours more than Dbh in controls and only 5.2% in the mutants. Analysis of hour by hour data indicated that there were significant interactions between genotype and time of day for NREM sleep and REM sleep (Fig.   3 ). Because the last 6 hours of the dark period appeared to be less affected by the absence of NE/E for waking and NREM sleep, the percent time in each behavioral state was analyzed in 6-hour blocks. In this case, the interaction between genotype and time of day was significant for each behavioral state. Post-hoc analysis indicated that the decrease in waking and the increase in NREM sleep were present at all times except the last 6 hours of the dark (Fig. 3) . While the OUYANG ET AL.
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To better understand the mechanism by which adrenergic signaling influences time in each behavioral state, the distribution of bouts for each state was analyzed according to duration and number. Over 24 hours, the mean durations of waking bouts and REM sleep bouts were significantly decreased in the Dbh -/-mice (Fig. 4A) . Interestingly, the number of waking bouts and NREM sleep bouts were both increased in the Dbh -/-mice, whereas there was a nonsignificant (P = 0.1) decrease in the number of REM sleep bouts (Fig. 4B ). The decrease in waking bout duration combined with an increase in the number of waking bouts indicated that the Dbh -/-mice entered waking more often but were not able to maintain waking as readily as control mice. To examine this more directly, the number of transitions to and from each state was also analyzed. The greatest number of transitions occurred between the two most abundant states, waking and NREM sleep. Both of these transitions (waking to NREM sleep and NREM sleep to waking) were significantly increased in the Dbh -/-mice (Fig. 4C ).
The data above indicated that the primary cause for decreased waking in the mutant mice was a decrease in the mean duration of waking bouts, which outweighed the increase in the number of bouts. To examine this more closely, the relative distribution of bout lengths was plotted for each state. Because significant differences in total state times by genotype varied with time of day (Fig. 3) , this was analyzed in 6-hour blocks. As a percentage, more time was spent in shorter duration waking bouts for the mutants during the first 6 hours of the light ( 
Sleep latency
Based on the findings of decreased waking and shorter bouts of waking in the mutant mice, we predicted that the latency to NREM sleep after a period of imposed waking would be significantly decreased in these mice. This was examined by waking the mice in the middle of the light phase and then keeping them awake with gentle handling for a short period (10-20 minutes) before allowing them to fall asleep again. The measurement was repeated several times for each mouse. There was no significant difference in the latency of the mutant mice to become inactive compared to the controls (Dbh +/-: 2.6 ± 1.0 min; Dbh -/-: 1.4 ± 0.2 min; n = 7 each, P > 0.2). Importantly, there was a significant decrease in the latency to NREM sleep in the mutant mice that was less than half that for controls (Dbh +/-: 6.7 ± 0.8 min; Dbh -/-: 3.1 ± 0.5 min; n = 7 each, P < 0.01).
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Spectral analysis of EEG
To examine whether adrenergic signaling regulates global CNS electrical activity, we performed spectral analysis of the EEG data. Because the power spectrum differs between sleep/wake states, and the amounts of these states differ between genotypes, we performed spectral analysis of the EEG data within each state. Analyses indicated that for each state there was a highly significant interaction between genotype and frequency (P < 0.0001, Fig. 6 ). When the power spectrum was grouped into delta, theta and sigma frequency ranges, there was a nonsignificant increase in absolute delta power during waking (P = 0.08) and a significant increase in absolute delta power during NREM sleep (P < 0.05) and in relative delta power during REM sleep (P < 0.01) in the Dbh -/-mice ( Fig. 6 ). In addition, there were significant decreases in relative theta and sigma powers during REM sleep (P < 0.05). Differences between genotypes were also evident when inspecting individual EEG records, particularly for REM sleep (Fig. 2) .
A shift in the peak frequency of theta to lower frequencies was present in the Dbh -/-mice ( Fig. 6 ).
This was most apparent for REM sleep, where the peak for the Dbh +/-mice was 7.2 ± 0.14 Hz and the peak for the Dbh -/-mice was 6.1 ± 0.19 Hz (P < 0.001, n = 10 each). We also analyzed power spectra in 6-hour blocks to examine whether there were time-of-day-dependent genotype differences, as were observed for total time in each behavioral state. Similar data were present in all four 6-hour blocks for each behavioral state, including the last 6 hours of the dark (not shown).
A potential concern arising from the above results is whether epochs of waking were incorrectly scored as NREM sleep in the mutant mice, leading to artifactually elevated levels of NREM sleep. For example, the increase in delta power going from waking to NREM sleep was J Neurophysiol 32% in controls but only 20% in mutants (Fig. 6 ). However, behavioral state scoring relies on the EMG as well as the EEG, and there was a significant difference in the mean integrated EMG between waking and NREM sleep in the mutant mice, the latter being only 30% of the former.
To explore this further, state transitions were examined during sleep latency analysis, in which activity of the mouse and electrophysiological data were simultaneously recorded. State transitions between waking and NREM sleep were readily apparent in the Dbh -/-mice (Fig. 7) .
Transitions from waking to NREM sleep included short epochs of inactive waking, indicating that inactive waking could be distinguished from NREM sleep in the mutant mice. Together, these observations suggest that behavioral state scoring of the Dbh -/-mice was reliable.
As an indicator of the regulation of basal sleep homeostasis, NREM sleep delta power was analyzed over 24 hours. Control mice exhibited a decrease in NREM sleep delta power towards the end of the light period relative to the beginning (Fig. 8) . They also exhibited an increase in NREM sleep delta power during the first half of the dark period. In contrast, Dbh -/-mice exhibited much less variation in NREM sleep delta power across 24 hours, with some increase occurring only toward the end of the dark period.
Sleep deprivation
To examine whether adrenergic signaling contributes to sleep homeostasis, mice underwent total sleep deprivation for 6 hours and behavioral states were quantified during the subsequent 12 hours. The interaction of genotype and sleep deprivation was statistically significant for all three behavioral states. In the control mice, the effect of sleep deprivation was manifest in several ways. For the first 3 hours after sleep deprivation (still in the light period), there was a decrease in REM sleep relative to baseline (Fig. 9 ). For the first 3 hours of the dark J Neurophysiol period, there was an increase in both NREM and REM sleep and a decrease in waking relative to baseline. Sleep returned to normal levels during the next 3 hours of the dark period. In contrast, the mutant mice failed to exhibit significant changes in the amount of sleep after deprivation.
NREM-sleep delta power has been shown to be elevated for 2-3 hours immediately after sleep deprivation in mice (Franken et al. 1999) , and this is thought to reflect a change in the intensity of sleep during recovery from deprivation (Borbely 1982) . Therefore, NREM-sleep delta power was examined over the 3-hour period immediately following sleep deprivation as another indicator for processes related to sleep homeostasis. The increase in NREM-sleep delta power after deprivation was significant in control (22.0 ± 6.0%, n = 6, P < 0.05) and mutant (27.2 ± 11.2%, n = 6, P < 0.05) mice but not between genotypes (P = 0.7).
DISCUSSION
This study determines the overall roles for adrenergic signaling in sleep/wake regulation by examining mice in which NE/E are absent due to targeted disruption of Dbh. Results from these mice provide strong support for the hypothesis that adrenergic signaling maintains arousal, specifically by extending the duration of periods of wakefulness in mice. Our results support a model whereby a primary effect of adrenergic signaling is to decrease the probability of making the transition from waking to NREM sleep. This is consistent with our observation of an increase in the number of transitions from waking to NREM sleep and a reduction in the duration of waking bouts in the Dbh -/-mice. It appears that adrenergic signaling is not required for the initiation of arousal because the number of transitions from NREM sleep to waking is significantly increased in the Dbh -/-mice. This is interesting because there is a short burst of activity in LC neurons just before the transition from NREM sleep to waking, which suggested Gonzalez et al. 1998 ). However, the major diurnal variation in activity and sleep/wake states was apparent for the Dbh +/-and Dbh -/-mice. It is also interesting to note that even though the Dbh -/-mice slept 2 hours more per day, this had no impact on their locomotor activity, suggesting that regulation of sleep and activity could be dissociated. Because different mice and environments were used for the two measurements, we cannot rule out the possibility that this dissociation did not occur, however. Based on our results, we hypothesize that NE/E is most critical for maintaining arousal during quiet (inactive) waking and that in the absence of NE/E, a selective reduction in quiet waking reduces waking bout durations but does not alter overall activity.
Our results concerning sleep/wake regulation are not entirely consistent with any adrenergic lesion study (Table 1 ). The differences between these studies and ours are most likely related to differences in the methods of NE/E depletion, with the lack of effects in some studies being due to insufficient or locally restricted depletion, and the transient effects in other studies being due to the recovery of adrenergic function over time (Abercrombie and Zigmond 1989; Acheson et al. 1980; Chiodo et al. 1983; Gage et al. 1983; Hughes and Stanford 1998) . In about one-third of the studies, EEG synchronization during waking was reported. The increase in delta power in the Dbh -/-mice is consistent with this. Overall, our data indicate that the adrenergic system regulates global CNS electrical activity, independent of sleep/wake state, and support pharmacologic studies suggesting a role for NE/E in regulating such activity (Cape and Jones
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1998; Delagrange et al. 1989; Itil and Itil 1983; McCormick et al. 1991; Roubicek 1976; Torbati 1986 ).
Considering which adrenergic receptor(s) may be influencing waking and NREM sleep, regulation seems likely to be mediated at least in part by α 1 -adrenergic receptors. The α 1 agonist methoxamine has been shown to increase waking (Hilakivi and Leppavuori 1984; Monti et al. 1988; Pellejero et al. 1984) . However, the α 1 -selective antagonist prazosin has often been reported to have no effect on waking ( . No differences in total wake time were observed between vehicle and drug treatments, although EEG changes were apparent. It is difficult to make a direct comparison because our study measured spontaneous changes in behavioral state over a two-day period in a familiar environment while the pharmacologic study examined effects over a 30-minute period during habituation to a novel environment.
It is also of interest to compare our results to a recently published analysis of sleep/wake regulation in Dbh -/-mice (Hunsley and Palmiter 2003). In that study, no differences in behavioral state times were observed. The basis for the differences in results from the two studies is not clear. They analyzed behavioral state in 6 pair of mice during the first 6 hours of OUYANG ET AL.
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J Neurophysiol the light and dark periods, 24 hours after placing the mice in the recording apparatus. We analyzed 23 pair of mice over a 48-hour period 48-72 hours after placing the mice in the recording apparatus. It is also possible that differences in the composition of the genetic background might contribute to the dissimilar results. While both colonies are a mix of C57BL/6J and 129/SvCPJ inbred strains, the proportion of each may have diverged, especially after rederivation of our colony following relocation. However, a follow-up study comparing 9 pair of Dbh +/+ and Dbh -/-mice over a 24-hour period found significant decreases in waking and increases in NREM sleep that were similar in magnitude to our results (Hunsley and Palmiter, personal communication). Thus it seems likely that technical and possibly genetic factors may be relevant.
The decrease in REM sleep in the Dbh -/-mice is striking and, perhaps, surprising. That LC neurons essentially stop firing during REM sleep led to a hypothesis that the lack of adrenergic signaling plays a permissive role in the activation of REM sleep. If this hypothesis were correct, then one would expect that the Dbh -/-mice would have increased (or unaltered)
REM sleep, which they do not. Therefore, we believe that the regulation of REM sleep by adrenergic signaling is more complex. One hypothesis is that as NE/E levels fall during NREM sleep, the decrease in adrenergic activity would promote the initiation of REM sleep. A second possibility is that for REM sleep to occur, extracellular NE/E levels must be within a critical low (but non-zero) window, and that levels above or below this window inhibit REM sleep.
Microdialysis studies support this possibility because extracellular NE levels are at their lowest during REM sleep but are detectable (Park 2002; Shouse et al. 2000) .
Our results indicating that some adrenergic signaling is necessary to facilitate REM sleep are supported by results from human studies. A small number of patients with sympathetic J Neurophysiol autonomic failure have congenital DBH deficiency, and EEG sleep studies have been performed on two of these patients. Their REM sleep time was lower than normal due to a decrease in the length of REM sleep bouts (Tulen et al. 1990) . When these two patients were treated with L-DOPS to restore NE, REM sleep increased due to an increase in the duration of REM sleep bouts (Tulen et al. 1991) . These data indicate that the changes in REM sleep were due to a physiological requirement for NE/E rather than sequelae arising from chronic adrenergic deficiency during development. Future studies examining behavioral states following restoration of NE in the Dbh -/-mice would further test this idea.
Our results indicating a role for adrenergic signaling in the regulation of REM sleep are also supported by some studies using adrenergic receptor antagonists. Specifically, the β antagonist propranolol has been shown to decrease REM sleep in rats, cats and humans (Betts and Alford 1985; Hilakivi 1983; Lanfumey et al. 1985) . Results with the α 1 antagonist prazosin in rats have been inconsistent (Benington and Heller 1995; Kleinlogel 1989; Makela and Hilakivi 1986; Pellejero et al. 1984 ).
The greatly reduced variation in NREM-sleep delta power during baseline recordings suggested that sleep homeostasis might be altered in the Dbh -/-mice. To explore this further, we examined sleep homeostasis in the Dbh -/-mice after inducing sleep deprivation using gentle handling. Surprisingly, the increase in NREM sleep delta power during the recovery period immediately after deprivation was present in both genotypes. In contrast, the increase in NREM sleep and the alterations in REM sleep observed in control mice following deprivation were absent in the Dbh -/-mice. It is unlikely that changes in behavioral state (relative to baseline)
following sleep deprivation in the mutants were masked by ceiling/floor effects. The mutant mice failed to increase NREM and REM sleep at 13-15 hours (Fig. 9 ). Yet at 7-9 and 10-12 J Neurophysiol hours these mice exhibited considerably more NREM sleep than at 13-15 hours, suggesting that the mice could have increased their NREM sleep at 13-15 hours but did not. Likewise, the mutant mice failed to decrease REM sleep at 7-9 hours. Yet at 13-15 hours these mice exhibited considerably less REM sleep than at 7-9 hours, suggesting that the mice could have decreased their REM sleep at 7-9 hours but did not.
Our findings with sleep deprivation are consistent with a study using rats in which CNS
NE was reduced by the adrenergic neurotoxin N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine
(DSP-4). The normal increases in NREM and REM sleep following instrumental sleep deprivation were blunted in the DSP-4 treated rats (Gonzalez et al. 1996) . Interestingly, the method of sleep deprivation was important because the recovery from methamphetamine-induced sleep deprivation was not altered by DSP-4. Thus, adrenergic signaling may have its greatest impact on post-stress sleep regulation, rather than on sleep homeostasis per se.
It is interesting to compare the effects of NE/E deficiency on sleep/wake regulation to the effects of other neurotransmitter deficiencies. An important discovery in sleep/wake regulation was that of the orexin/hypocretin (Orx/Hcrt) neuropeptide system, whose cell bodies are located in the posterior lateral hypothalamus (de Lecea et al. 1998; Sakurai et al. 1998) . Although these neurons innervate many regions of the CNS, one of their most dense projections is to the LC, whose adrenergic neurons are excited by Orx/Hcrt (Hagan et al. 1999) . Importantly, deficiencies in the Orx/Hcrt system result in a narcoleptic phenotype where spontaneous, rapid transitions from waking to REM sleep become common and debilitating (Chemelli et al. 1999; Lin et al. 1999 ). Our results suggest that decreased adrenergic signaling could contribute to this phenotype because NE/E are important for inhibiting transitions from waking. However, our results also suggest that Orx/Hcrt projections to non-adrenergic neurons may be important for determining Another neurotransmitter system thought to be important for maintaining arousal is the histaminergic neurons of the hypothalamic tuberomammillary nuclei. Recently the gene for histidine decarboxylase, which is responsible for synthesizing histamine, was disrupted in mice.
Surprisingly, this mutation had no effect on total waking times, with the major effects being an increase in REM sleep during the day and a reduction in waking selectively during the light-dark transition period (Parmentier et al. 2002) . In comparison, the changes in waking seen in the Dbh -/-mice are dramatic and highlight a critical and non-redundant role for the adrenergic system in sleep/wake regulation.
Finally, it is interesting to note that there is a similarity between the sleep/wake regulation phenotypes of the Dbh -/-mice and mice lacking the major isoforms of the transcription factor cAMP response element-binding protein (CREB). CREB hypomorphs exhibit a decrease in waking and an increase in NREM sleep that are primarily due to shorter bouts of waking, even though there is an increase in the number of waking bouts (Graves et al. 2003) . For the left panels, there were significant main effects in all three states for genotype and time (P < 0.001), and their interaction was significant for NREM and REM sleep (P < 0.01). For the right panels, the main effects of time (P < 0.0001) and genotype (P < 0.001) were significant, as was the interaction of genotype and time (W, P < 0.05; N, P < 0.0001, R, P < 0.01; n = 23 for each genotype). Where error bars are not apparent they are contained within the symbol. For all graphs and tables, * is P < 0.05; ** is P < 0.01; *** is P < 0.001. Interaction contrasts indicated that for controls (P < 0.0001) but not for mutants (P > 0.1), the interaction of time x treatment was significant. For mutants, the main effect of sleep deprivation was also not significant (P > 0.5). Significance levels for baseline verses sleep deprivation posthoc comparisons are shown for each time point in the figure (corrected for 4 comparisons using Bonferroni's method; n = 13 per genotype). Where error bars are not apparent they are contained within the symbol. 
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